Insect motoneurons display dramatic dendritic plasticity during metamorphosis. Many larval motoneurons survive to adulthood but undergo dendritic regression and outgrowth as they are incorporated into developing circuits. This study explores the dendritic remodeling and development of Drosophila motoneurons MN1-MN5, which innervate indirect flight muscles of the adult. MN1-MN5 are persistent larval neurons exhibiting two distinct metamorphic histories. MN1-MN4 are born in the embryo, innervate larval muscles, and undergo dendritic regression and regrowth during metamorphosis. MN5, which was identified through a combination of intracellular dye injection and retrograde staining at all stages, is also born embryonically but remains developmentally arrested until the onset of metamorphosis. In the larva, MN5 lacks dendrites, and its axon stops in the mesothoracic nerve without innervating a target muscle. It is dye coupled to the peripherally synapsing interneuron, which will become part of the giant fiber escape circuit of the adult fly. During pupal development, MN5 undergoes de novo dendritic growth and extension of its axon to innervate the developing target muscle. Its unique developmental history and identifiability make MN5 well suited for the study of dendritic growth using genetic and neurophysiological approaches.
The formation of precise dendritic shapes during development has important consequences for the integration and transmission of information in the nervous system. Modifications in dendritic architecture in the mature nervous system can either refine or impair the function of neural circuits (Bottjer and Arnold, 1997; Woolley, 1998; McEwen, 1999; Cameron and Nuñez-Abades, 2000; Swann et al., 2000; Cline, 2001; Poirazi and Mel, 2001 ). Dendrites of CNS neurons of holometabolous insects are remodeled during metamorphosis to allow the production of stagespecific behavior (Levine et al., 1995) . In the moth Manduca sexta, many larval motoneurons survive to function as elements of the adult CNS. Persistent motoneurons undergo severe dendritic pruning during the larval-to-pupal transition, followed by dendritic growth during adult development Truman, 1982, 1985; Thorn and Truman, 1989; Weeks and ErnstUtzschneider, 1989; Kent and Levine, 1993; Consoulas et al., 2000; . Motoneuron dendritic remodeling is regulated by the steroid hormone 20-hydroxyecdysone (for review, see Levine and Weeks, 1990; Weeks and Levine, 1990; Levine et al., 1995) , but the molecular mechanisms remain unknown.
Another holometabolous insect, Drosophila melanogaster, undergoes equally spectacular behavioral changes but also offers molecular genetic tools for exploring the signals and transduction pathways that regulate dendritic shape and plasticity (Gao et al., 1999) . Little is known, however, about dendritic remodeling of identified neurons in Drosophila because of the experimental restrictions imposed by the small size of the animal and its CNS. Thus, the goal of this study was to establish a model system that will allow high-resolution analysis of dendritic structure of individually identified central neurons of Drosophila.
Here, by using intracellular staining and axonal tracing techniques, we determined the developmental histories of motoneurons MN1-MN5, which innervate the dorsolongitudinal indirect flight muscles (DLM) in the adult fly (Coggshall, 1978; King and Wyman, 1980; Costello and Wyman, 1986; Ikeda and Koenig, 1988; Sun and Wyman, 1997) . The DLMs develop from three larval dorsal mesothoracic body wall muscles, which, unlike other thoracic muscles, escape histolysis during the larval-to-pupal transition (Shatoury, 1956; Costello and Wyman, 1986; Fernandes et al., 1991) . In the prepupa and early pupa, the motor nerve that innervates the dorsal larval mesothoracic muscles remains in contact with the larval templates and, in later pupal stages, grows over the developing DLMs (Fernandes and Vijayraghavan, 1993) . The continuous nerve-muscle association during metamorphosis suggests that DLMs are innervated by persistent larval neurons, but MN1-MN5 had never been identified at larval or prepupal stages. This was a prerequisite for determining their origins and developmental histories.
MATERIALS AND METHODS
Drosophila strains and culture. C anton-S was the wild-type laboratory strain as in previous studies of C NS metamorphosis (Restifo and White, 1991; Restifo et al., 1995; Restifo and Hauglum, 1998) . E xperimental animals were cultured on standard corn flour-yeast-agar medium (Elgin and Miller, 1978) at 25 C, 50 -80% relative humidity. 5-Bromo-2-deoxyuridine (BrdU) (Sigma, St. L ouis, MO) was used to label cells undergoing DNA synthesis. BrdU was added to the culture medium at a concentration of 0.1 mg BrdU/ml (Truman and Bate, 1988) . Animals were continuously exposed to BrdU throughout larval development. Wandering third instar larvae were dissected and processed for BrdU immunocytochemistry as described previously (Consoulas and Levine, 1997) .
White prepupae (P1, according to the staging criteria of Bainbridge and Bownes, 1981) were selected from culture vials, placed on moistened ashless filter paper (catalog #42; Whatman, Maidstone, UK) in glass dishes, and allowed to continue developing at 25°C in a humid chamber for varying numbers of hours after puparium formation (hr APF). Under these conditions, pupation takes places at 12 hr APF on average, with a range of 11-13 hr APF (L. L. Restifo and W. Hauglum, unpublished observation) . Eclosion takes place at ϳ100 hr APF.
A number of P[GA L4] enhancer-detector transgenes (Brand and Perrimon, 1993) were used to label C NS landmarks. GAL4 expression was localized by crossing to flies homozygous for a second-chromosome insertion of the reporter construct, P[UAS-GFP.S65T], encoding mutant green fluorescent protein (GFP) (Cubitt et al., 1995) . The GFP construct and transgenic line were made by B. Dickson (University of Vienna, Vienna, Austria; FlyBase accession number FBrf0086268), and the stock was provided by K . Ito (National Institute for Basic Biology, Myodaiji, Okazaki, Japan).
P [GA L4]103 .3 is a second-chromosome insertion (cytogenetic map location 48C3-5), identified in a screen by the Nambu and Murphey laboratories (University of Massachusetts-Amherst, Amherst, M A), that drives expression in adult indirect flight muscle motoneurons (R. Murphey, personal communication). DL M motoneuron expression does not begin until 35 hr APF (data not shown).
Retrograde and anterograde nerve filling technique. The animals were anesthetized by chilling on ice for 3-5 min. Pupae were removed from their puparia before dissection. Animals were pinned with dorsal side up on Sylgard-coated (Dow Corning, Midland, M I) Petri dishes containing HL3 saline (Stewart et al., 1994) . The heads of late pupae and adults were removed. Larvae, prepupae and early pupae (until 18 hr APF) were dissected along the right dorsolateral region to leave the left hemisegments intact. For later pupal stages and the adult, the animals were dissected along the dorsal midline. The gut, salivary glands, fat bodies, and trachea were removed. For retrograde labeling of the motoneurons in the larva, prepupa, and early pupa, the specific branch of the nerve containing the motoneurons innervating the DL Ms or their precursors was isolated together with its target muscles in a petroleum jelly pool to allow the uptake of dye [5% w/ v rhodamine -dextran at 3000 or 10,000 kDa in distilled water (Molecular Probes, Eugene, OR) or 3% w/ v biocytin in distilled water (Sigma)]. For anterograde staining of the peripheral processes of the mesothoracic (T2) neurons, the whole C NS, with only the T2 nerve attached, was isolated in a petroleum jelly pool with the dyes (Consoulas et al., 1996) . The rhodamine -dextran-labeled preparations were stored at 4°C for 3-7 hr or at room temperature (RT) for a maximum of 3 hr in the dark. The biocytin preparations were stored in 4°C for 5-10 hr. All preparations were fixed in 2.5% formaldehyde and 3% sucrose in PBS, pH 7.3, for 2-5 hr at RT in the dark. The rhodaminedextran preparations were washed in PBS after fixation and mounted in 80% glycerol in PBS. Biocytin preparations were washed in PBS, pH 7.3, and PBS-T x (0.4% Triton X-100 in PBS, pH 7.3) and then incubated in 1:2000 C y3-or C y5-conjugated Streptavidin (Jackson ImmunoResearch, West Grove, PA) in PBS-T x for 2 hr at RT in the dark. Preparations were mounted in 80% glycerol in PBS. After fixation (see above), filamentous actin within the muscles was labeled with 66 nM Oregon Green -phalloidin (Molecular Probes) in PBS for 30 min at RT (Consoulas and Levine, 1998) .
Intracellular staining technique. Larvae, prepupae, and young pupae (up to 35 hr APF) were prepared as described above. To identif y M N5 and the X neuron (see Results) the T2 nerve was first backfilled with 3000 kDa rhodamine -dextran. After dye inf usion for 25-90 min at RT in the dark, the preparation was transferred to a different dish and pinned on a Sylgard platform to allow impalement. In pupae past 35 hr APF and adults, it was possible to visually locate the M N5 cell body using transmitted light and differential interference contrast optics, based on its size and position in the C NS. In addition, in P103.3 pupae older than 35 hr APF and adults, the cell body of M N5 was located by its GFP expression. An Olympus Optical (Tokyo, Japan) microscope (BX50W I) equipped with fluorescent optics and 10 and 60ϫ water-immersion objectives was used. In larvae, prepupae, and early pupae up to 18 hr APF, the C NS sheath was removed mechanically with a fine pair of forceps. For late pupal stages (past 60 hr APF) and adults, the C NS sheath was treated with 1% w/ v pronase (Sigma) in saline. For pupae between 18 and 60 hr APF, the sheath was thin enough to allow penetration by microelectrodes without any mechanical or chemical treatment. Thin-walled borosilicate electrodes (resistance of 60 -80 M⍀) were used to impale the neurons. The tips of the electrodes were filled with either 3% L ucifer yellow (Sigma) in 2 M lithium chloride (from wandering larvae to 25 hr APF) or 3% w/ v Neurobiotin (Sigma) in 2 M potassium acetate. The electrode shafts were filled with 2 M lithium chloride (L ucifer yellow electrodes) or 2 M potassium acetate (Neurobiotin electrodes). An air bubble was left between the tip and the shaft to prevent dye dilution. After intracellular penetration, L ucifer yellow was injected iontophoretically by applying 0.1-1.0 nA hyperpolarizing current for 10 min to 1 hr. Neurobiotin was injected by applying depolarizing current pulses of 1 nA and 400 msec duration with a frequency of 1 Hz for 5-15 min. Subsequently, the preparations were fixed and washed in PBS. Neurobiotin preparations were processed as above. Preparations were mounted in 80% glycerol in PBS.
Confocal microscopy. Digital images were captured on a Nikon (Tokyo, Japan) PC M 2000 laser-scanning confocal microscope using Simple PCI (Compix, T ualatin, OR) image acquisition software. Preparations were scanned with helium -neon laser lines with excitation maxima at 543 nm (C y3) and 650 nm (C y5) using long-pass filters at 565 and 650 nm, respectively, and with an argon laser line with an excitation maximum at 488 nm (GFP, fluorescein, and OR Green -phalloidin) using a bandpass filter at 500 -530 nm. Images were assembled using Corel Draw 8 software (Corel, Ottawa, Ontario).
RESULTS

Comparison of motoneurons in the larva and adult
Our ability to determine the developmental histories of the DLM motoneurons relied on a combination of intracellular staining and diffusion of dyes through cut motor axons (retrograde or anterograde staining). Whereas previous studies relied on HRP injection into the target muscles to identify the adult flight motoneurons (Ikeda and Koenig, 1988; Trimarchi and Schneiderman, 1994a) , this approach would not suffice for our studies of earlier developmental stages in which the targets were unknown. Furthermore, as will be shown, previous retrograde staining facilitated greatly our subsequent ability to record intracellularly from MN5 of early developmental stages. Initial experiments tested the reliability of the staining technique by confirming the identity of the adult DLM motoneurons. Anterograde (toward the periphery) staining of the posterior branch of the dorsal mesothoracic nerve (PDMN) (Power, 1948) in the adult revealed that its distalmost branch is purely motor, containing the axons of the neurons innervating the six DLM fibers (Fig. 1 A) . Retrograde staining of the distalmost PDMN branch in the adult revealed the position and dendritic architecture of five motoneurons (MN1-MN5) (Fig. 1 B, C) and of one ventral unpaired median neuron (VUM) (Fig. 1C) in the adult CNS. The cell bodies of MN1-MN4 are located ventrally in the prothoracic neuromere (T1) ipsilateral to the target muscle (Fig. 1C) . The cell body of MN5 is located dorsally in the mesothoracic (T2) neuromere on the contralateral side ( Fig. 1 B) . The cell body of the VUM neuron is located posteriorly in the T2 neuromere at the ventral midline (Fig. 1C, VUM ) . The elaborate dendritic fields of MN1-MN5 are located dorsally on both ipsilateral and contralateral sides of the mesothoracic neuromere (Fig. 1 B) .
In the larva, anterograde nerve fills of the mesothoracic nerve (T2) revealed that the dorsal muscles are innervated by the distalmost branch of the intersegmental nerve (ISN) (Fig. 1 D) (Fernandes and Vijayraghavan, 1993) . Six large axonal profiles and usually a thin seventh axon, probably belonging to the VUM neuron, were visible in this nerve branch ( Fig. 1 E, inset) . Retrograde staining of the same nerve branch revealed seven neurons in the larval CNS (Fig. 1 F, G) . Two of the neurons had cell bodies located dorsally, close to the midline in the ipsilateral mesothoracic neuromere [ipsilateral dorsal neurons a (anterior) (IDa) and p (posterior) (IDp)] (Fig. 1 F) . The cell bodies of four neurons were located ventrally, in the ipsilateral prothoracic neuromere (Fig. 1G ). One neuron with a bifurcating axon, characteristic of unpaired neurons that project to both sides of the body, had its cell body in the ventral midline (Fig. 1G, VUM ) . The dendrites of all motoneurons were located ipsilaterally in the dorsal region, with the exception of one of the ventral motoneurons, which also had a dorsal dendritic field on the contralateral side ( Fig. 1 F , dotted circle) . Judging from the position of the neuronal cell bodies in the larva, the four ventral-ipsilateral motoneurons may correspond to the adult MN1-MN4. Similarly, the larval VUM neuron may survive to the adult stage to innervate the DLMs.
Because no larval neuron with a contralateral cell body was found to innervate the dorsal muscles, the origin of the adult MN5 was not obvious. One hypothesis is that MN5 is born during larval life. Alternatively, the IDa or IDp neuron may migrate during metamorphosis to the contralateral side of the CNS to become MN5, or MN5 may be a larval motoneuron innervating muscles other than those in the dorsal body wall. Finally, MN5 may be present in the larva but have no muscle target. The following experiments resolved this issue.
Changes in the larval population of motoneurons during metamorphosis
The retrograde labeling technique provided novel information about changes in the population of larval motoneurons during the early stages of metamorphosis. The number of primary ISN nerve branches did not change during metamorphosis. As in the larval stage, the distalmost ISN branch innervated the DLM templates in the prepupa and the developing DLMs in the pupa (our unpublished observations) (Fernandes and Vijayraghavan, 1993) . Retrograde fills from this branch in the late larval and very early prepupal stages (0 -2 hr APF) revealed no changes from the larval number, position, and dendritic pattern of the efferent neurons. However, regression of dendrites began by 2 hr APF and was completed by 4 hr APF (Fig. 2 B-D) . Within the next two hours (G, ventral view) innervating the larval mesothoracic dorsal muscles. Note in F the contralateral dendrites (dotted circle) and the absence of a contralateral cell body. Arrow in F indicates the axon of the VUM neurons exiting the contralateral mesothoracic nerve. The peripheral nerves in A, D, and E were stained anterogradely with rhodamine-dextran 3 kDa ( A) or biocytin (D, E). The biocytin staining in D and E was revealed with Cy3-conjugated Streptavidin. In A and D, the filamentous actin of the muscles was revealed with Oregon Green-phalloidin. In B, C, F, and G, the neurons in the CNS were retrogradely stained with rhodamine-dextran 3 kDa. DM, Dorsal midline ISN(T2), intersegmental nerve of the mesothoracic segment; ant, anterior.
(4 -6 hr APF) all larval thoracic muscles degenerated, with the exception of the three DLM template fibers. The four ipsilateralventral motoneurons and the VUM neuron were still present in nerve fills, but the two dorsal ipsilateral motoneurons (IDa and IDp) disappeared sequentially, with IDa first, followed by IDp (Fig. 2 D-F ) . These two larval neurons were not present in whole-T2 nerve fills, as well, suggesting that they degenerate.
Before the IDp motoneuron disappeared from retrograde fills, two pairs of neurons became apparent in ipsilateral and contralateral positions, respectively, on the dorsal surface of the mesothoracic neuromere (Fig. 2 F, G) . The same two pairs of cells were stained in fills of the left or right ISN branch. The contralateral pair was always more heavily labeled than the ipsilateral pair. All retrograde fills described above were performed with 3 kDa rhodamine-dextran, which is small enough to cross gap junctions. Using dyes of different molecular weights, we demonstrated that Fig. 1 B) . Arrows in H-J indicate a sensory branch that was stained accidentally. Note that the MN5 cell body increases considerably in size (see also Fig. 6 ).
this staining pattern was the result of dye coupling among the four neurons. When 10 kDa rhodamine-dextran, which does not cross gap junctions (Phelan et al., 1996) , was used in combination with biocytin, the dyes colocalized only in a single neuron, the larger contralateral one, suggesting that only this neuron innervates the DLM templates on the side of the fill (Fig. 3 A, B) . This neuron was identified as MN5, with further evidence provided below. By 16 hr APF, the two cell bodies of each neuronal pair were clearly separated from each other, but all four were still dye coupled (Fig. 2 H) . By 18 hr APF, only one contralateral-dorsal neuron was present in fills of the same nerve branch, together with the four ipsilateral-ventral motoneurons and the VUM neuron. The position and the number of neurons did not change during the remaining pupal stages, suggesting that the four ventral-ipsilateral larval neurons are MN1-MN4 and that the contralateral-dorsal neuron is MN5. The inability to reveal the putative MN5 with retrograde staining from distal sites before 4 -5 hr APF suggests that its axon first reaches the DLM template at this stage. The other contralateral neuron, which is indirectly labeled by retrograde filling of the distal nerve between 4 -5 and 18 hr APF, will be called X. The MN5 and X neurons are considered in detail in the next section below.
The retracted motoneuron dendritic arbors began to reexpand by 19 -20 hr APF (Fig. 2 I) . The first phase of dendritic growth (19 -25 hr APF) was highlighted by the presence of numerous fine processes, mainly in the ipsilateral mesothoracic neuromere (Fig.  2 I, J ) . By 50 hr APF, numerous dendrites had grown perpendicular to their primary neurite. Some of the anterior branches had bent and crossed the CNS midline (Fig. 2 K) . By 75 hr APF, the dendritic pattern had most of its adult features (Fig. 2 L) , but the growth of very high-order branches continued until adult emergence, which typically occurred at ϳ100 hr.
The developmental history of MN5
The preceding experiments brought into question the origin of MN5. The larval MN5 may innervate a muscle that does not belong to the dorsal group. This would explain why MN5 was not stained in retrograde fills of the distalmost branch of the larval ISN. To examine whether MN5 innervates targets different from the larval dorsal muscles, every individual subbranch or group of branches of the larval T2 nerve was filled. Two cell bodies belonging to the ventral longitudinal muscle motoneurons (VLmns) were located contralaterally, close to the midline. No other neurons with contralateral cell bodies were revealed (data not shown). However, when the entire larval T2 nerve was filled from a very proximal location just outside the CNS, a pair of cells, reminiscent of the MN5 and X neurons, were faintly labeled, in addition to the heavily labeled IDa, IDp, and VLmns (Fig. 4 A) . These neurons had not been stained in more distal fills from individual branches of the larval T2 nerve, suggesting either that their axons stop in the main T2 nerve or that they are dye coupled to other mesothoracic neuron(s) that have an axon in the proximal nerve. By transecting at different points along the larval mesothoracic nerve, it was determined that backfills from a location just proximal to the point at which T2 splits into the segmental nerve (SN) and the ISN (Fig. 4C, arrow) consistently revealed the contralateral pair of neurons and the homologous ipsilateral pair (Fig. 4 B) . As in the late prepupa and early pupa, the ipsilateral cell bodies were always less well stained and were usually obscured by the larval dendrites of other neurons. In contrast, only a single, contralateral cell was revealed in backfills with 10 kDa rhodamine-dextran (data not shown), suggesting that the other three cells were dye coupled to the fourth cell or to other neurons with axons in the nerve.
None of the neurons that were labeled by retrograde fills of the entire T2 nerve were derived from the neuroblast divisions that occur during the larval instars. Females were allowed to lay eggs in food that contained the thymidine analog BrdU. This resulted in incorporation of BrdU by those cells that underwent DNA synthesis during the larval stages. Biocytin fills of the entire proximal T2 nerve of wandering third instar larvae were performed. BrdU incorporation was evident in the progeny of neuroblasts that divided in the larva (Truman and Bate, 1988) but not in the biocytin-labeled neurons (Fig. 4 A) .
Intracellular dye injection revealed the morphology of the putative MN5 and the X neuron in the larva. First, to reveal the two right-hand cell bodies, the left T2 nerve was cut close to the CNS and filled with 3 kDa rhodamine-dextran (Fig. 5A) . One of the labeled cell bodies was then impaled under visual control with a microelectrode containing Lucifer yellow (see Materials and Methods) (Fig. 5A) . Within 20 -45 sec of the onset of intracellular injection, the dye had diffused into the other three cell bodies (Fig. 5B) , suggesting the presence of gap junctions among the four neurons. The four cell bodies were associated with only two axons running in close apposition; only one member of the pair on each side had an efferent axon in the larva. These neurons lacked dendritic arbors (Fig. 5C ). Conspicuous swellings were observed in the axons (Fig. 5C, arrowhead) , which may indicate contact points between the two axons.
An additional step confirmed that the larval axon of the putative MN5 is very short, terminates without innervating a muscle, and does not project to a branch of the T2 nerve that was missed in our retrograde fills. After filling the left T2 nerve with 3 kDa rhodamine-dextran, the larger of the two right-hand cell bodies was injected with Lucifer yellow. The two left-hand cell bodies were stained as a consequence of dye transfer, and the larger of the two was then impaled under visual control. Intracellular injection with Lucifer yellow for 30 -45 min allowed the dye to fill its intact axon entirely (Fig. 5 D, E) . This experimental approach confirmed unambiguously that the larval MN5 axon stops within the T2 nerve just before its first branching point (Fig. 5F ) . In other words, in the mature larva, MN5 is present but incompletely differentiated. It has no dendrites and a short axon that does not innervate a muscle.
The retrograde labeling experiments confirmed that MN5 first reaches the DLM template fibers between 4 and 5 hr APF (Fig.  2 F) . Its axon must, therefore, extend toward the dorsal region of the mesothoracic segment during the interval between wandering third larval instar and 6 hr APF. Indeed, prolonged intracellular injection of Lucifer yellow into the left MN5 during the 4 -6 hr APF interval confirmed that its axon had almost reached the dorsal region of the right mesothoracic hemisegment (Fig. 5G-I ).
In the same preparation, the left X neuron was also stained as a result of dye coupling (Fig. 5G ), but its axon did not exit the CNS. In contrast to the larval stage, in prepupal and early pupal preparations (2-18 hr APF), Lucifer yellow diffusion to the contralateral pair of MN5 and X cell bodies became evident only after 1 hr of intracellular dye injection to the ipsilateral MN5, suggesting that the degree of coupling between the two pairs of neurons had decreased (Fig. 5J ) . To examine the course of the X axon, we took advantage of the fact that the MN5 and X cell bodies become separated at 16 -18 hr APF, just before their dye coupling is abolished (Fig. 2 H) . Intracellular injection of Lucifer yellow into both neurons revealed that the axon of X neuron reached the contralateral side of the neuromere by traveling in close apposition to the MN5 axon and then bifurcated to send one branch anteriorly (Fig. 5K, inset) , with the other branch continuing parallel to the MN5 axon. This branch stopped at the base of the T2 nerve, in contrast to the MN5 axon, which continued in the T2 nerve (Fig. 5K, arrow) .
In summary, MN5 has an embryonic origin, but its axon terminates proximally within the T2 nerve without innervating larval muscles. It is a developmentally arrested neuron. In the prepupa, the MN5 axon projects into the ISN to innervate the DLM templates. MN5 is coupled to the X neuron, and both are coupled to their contralateral counterparts in the mature larva, prepupa, and early pupa. The axon of the X neuron is restricted to the CNS at these stages. A, Dorsal region of the thoracic neuromeres of a wandering third instar larva that had fed throughout its life on culture medium with BrdU. The entire mesothoracic nerve on the left was filled with biocytin, and the staining was revealed with Cy5-conjugated Streptavidin ( green). The BrdU, which was incorporated by the nuclei of cells undergoing DNA synthesis during larval life, was revealed with a monoclonal antibody conjugated to Cy3 (red). The biocytin-filled mesothoracic neurons did not incorporate BrdU, suggesting that they have an embryonic origin. Note the presence of MN5 and X neurons lightly stained with biocytin bilaterally. Asterisk indicates the mesothoracic leg imaginal disc, whose nuclei had incorporated BrdU. B, Dorsal region of the larval CNS. The mesothoracic nerve on the left was filled with 3 kDa rhodamine-dextran (red) at a level proximal to the first branch point (arrow in C). Dotted line represents the midline. In addition to IDa, IDp, and VLmns, two pairs of cells (MN5 and X) are apparent. Note that the ipsilateral pair (left) is obscured by the dense dendritic arbors. C, Body wall preparation of the 
Dendritic growth of MN5
Intracellular Lucifer yellow or Neurobiotin injections revealed the dendritic growth of MN5 at high resolution. Before impalement, MN5 was identified in dextran backfills of the T2 nerve, as detailed above, or visualized in transmitted light based on the unique position and size of the cell body. In P103.3/UAS-GFP animals, the GAL4 driver directs GFP reporter gene expression in MN5 after 35 hr APF, allowing the intracellular injection of Neurobiotin under visual control.
MN5 lacks dendrites in larval, prepupal, and early pupal stages. The first primary dendrite becomes apparent by 19 hr APF (Fig.  6 A, arrow) . By 20 -22 hr APF, more primary dendrites associated with a halo of very fine processes become apparent (Fig. 6 B) . Within the next 5 hr, additional primary branches are added (Fig.  6C) . During the next 15 hr (25-40 hr APF), the primary dendrites become longer, and finer secondary processes begin to extend from the primary branches (Fig. 6 D) , whereas by 40 hr APF, an anterior branch has turned and crossed the midline (Fig. 6 E,  arrow) . A second anterior branch and several posterior branches cross the midline during the next 10 hr (Fig. 6 F, G) . By 75 hr APF, MN5 has acquired most of the features of the adult-like dendritic pattern (Fig. 6 H) . During the remaining stages of pupal development, dendrites undergo a significant shift in position as the CNS acquires its final shape. Elongation and sprouting of highorder dendritic branches continues until the adult stage (Fig. 6 I) .
In conclusion, primary dendrites emerge from specific points of the neurite shaft and grow mostly perpendicular to the neurite shaft covering a large percentage of the mesothoracic neuromere. Their number and pattern of growth are stereotypic among preparations of the same pupal stage. The cell body of MN5 grows considerably larger between 20 and 30 hr APF (Fig. 7) , and its position relative to the axon changes from posterior to anterior (Fig. 6 B-D) .
DISCUSSION
Origin and metamorphic fate of MN1-MN5 and X neurons
The conversion from the larval to the adult CNS involves the degeneration of obsolete larval neurons, the differentiation of new neurons produced by neuroblasts during larval and pupal stages, and the remodeling of persistent larval neurons (for review, see Levine and Weeks, 1990; Weeks and Levine, 1990; Truman et al., 1993; Levine et al., 1995; Consoulas et al., 2000; Tissot and Stocker, 2000) . Persistent motoneurons undergo profound changes in dendritic morphology and synaptic interactions during metamorphosis, reflecting behavioral requirements of the adult. In moths, adult motoneurons, including the homologous MN1-MN5 neurons of Manduca (Casaday and Camhi, 1976; and silk moth Bombyx mori (Tsujimura, 1988 (Tsujimura, , 1989 , are derived from larval motoneurons that have survived metamorphosis. It has been assumed that the adult Drosophila MN1-MN5 are persistent, remodeled larval motoneurons (Hummon and Costello, 1987; Fernandes and Vijayraghavan, 1993; Truman et al., 1993 Truman et al., , 1994 Fernandes and Keshishian, 1998; Tissot and Stocker, 2000) , but definitive evidence has been lacking until this study.
Like some Kenyon cells of the mushroom bodies (Technau and Heisenberg, 1982; Lee et al., 1999) and some pharyngeal muscle motoneurons in Drosophila (Tissot et al., 1998) , MN1-MN4 are born embryonically and persist, undergoing metamorphic remodeling (for a summary of the events, see Fig. 8 ). MN5 represents a novel class of motoneurons that are developmentally arrested in the larva but finish differentiating and become functional during metamorphosis (Fig. 8) . The Drosophila tergotrochanteral motoneuron (TTMn) (Jacobs et al., 2000) and leg motoneurons [C. M. Bate, unpublished data (cited in Truman et al., 1993) ; C. Consoulas, unpublished observations] (Truman et al., 1993) may have similar metamorphic histories.
These data provide insight into the development of a neural circuit. In adult flies, a stereotyped escape response, consisting of a jump and initiation of flight, is mediated by the giant fiber (GF) system (Thomas and Wyman, 1983) . This is the best described circuit in Drosophila and readily amenable to genetic and electrophysiological approaches (Tanouye and Wyman, 1980; Thomas and Wyman, 1983; Trimarchi and Schneiderman, 1994b; Phelan et al., 1996; Trimarchi and Murphey, 1997; Allen et al., 1999 Allen et al., , 2000 Jacobs et al., 2000) . A pair of brain interneurons (GFs), which receive inputs from the eyes and wind-sensitive hairs, project their axons to the mesothoracic neuromere. The GF neurons synapse directly with the TTMn and indirectly via the peripherally synapsing interneuron (PSI) in the PDMN, with MN1-MN5 (Power, 1948; King and Wyman, 1980; Tanouye and Wyman, 1980; Koto et al., 1981; Thomas and Wyman, 1983; Sun and Wyman, 1997) .
The GF neurons are born during embryogenesis but delay axogenesis and dendritic development until the end of the larval 4 (Figure legend continued. ) the same preparation showing dorsal cell bodies and dendrites of the neurons stained after filling the left mesothoracic nerve with 3 kDa rhodamine-dextran (red) and the pattern of staining after intracellular injection of Lucifer yellow ( green) into the superficial neuron in A (see electrode diagram in A). The dye had diffused within a few seconds to the right X neuron and the left pair of MN5 and X neuron, demonstrating their coupling. C, Higher magnification of the area indicated in the box in B. Only two axons can be distinguished (arrows). Note the swelling that may serve as contact points between MN5 and X neurons (arrowhead) (see Results). D, Wandering third instar larva. As in C, the right MN5 and X neurons were stained with 3 kDa rhodamine-dextran after filling the left mesothoracic nerve. The two pairs of MN5 and X neurons were stained with Lucifer yellow after intracellular injection of the dye into the right MN5 (electrode 1). The left MN5 was then impaled and stained intracellularly with Lucifer yellow for 45 min (electrode 2), allowing the dye to diffuse into its entire intact axon. E, The same preparation as in D, in a different orientation to better reveal the left MN5 axon in the right T2 nerve. The axon of the left MN5 exits the CNS and stops in the T2 nerve at a level close to the mesothoracic leg imaginal disc (lid) just before the nerve branches into ISN and SN. F, Higher magnification of the boxed areas in D and E. G, Prepupa, 4 hr APF. The left T2 nerve was filled with 3 kDa rhodamine-dextran (red) to reveal the two pairs of MN5 and X neuron. The left MN5 was injected intracellularly with Lucifer yellow ( green) for 45 min, revealing the course of its intact axon (arrows) in the right mesothoracic hemisegment along the ventral ( V ) and lateral ( L) body wall. The axon had almost reached the dorsal ( D) thoracic body wall region. H, I, Higher-magnification images of the boxed areas indicated in G. Note the peripheral processes of VUM neurons that were stained with 3 kDa rhodamine-dextran attributable to the retrograde nerve fill (arrowheads). J, Prepupa, 8 hr APF. The nature of the coupling among the four cells (MN5 and X) had changed. In contrast to the larva, 1 hr of Lucifer yellow injection into the MN5 (arrow) was required to stain the other three cells in the prepupa. K, Pupa, 16 hr APF. The right MN5 and X neuron were labeled after backfilling the left T2 nerve with 3 kDa rhodamine-dextran. Both cells were then stained intracellularly with Lucifer yellow. Note that the axon of the X neuron bifurcates into two branches (encircled area). Inset shows the encircled area in K at a higher magnification. In contrast to the axon of MN5, the axon of X neuron stops at the base of the T2 nerve (arrow) after giving rise to an anterior branch (asterisk). Insets are confocal images of the same preparations at a lower magnification to include the cell bodies. In A and B, the cell body of MN5 was identified by backfilling its axon in Canton-S animals with 3 kDa rhodamine-dextran (red). Subsequently, MN5 was intracellularly injected with Lucifer yellow ( green). In C and D, the MN5 cell body of Canton-S animals was visually identified using DIC optics. In E-I, GFP expression in MN5 of P103.3/UAS-GFP animals facilitated its identification. MN5 was intracellularly injected with Neurobiotin, and the staining was revealed with Cy3-conjugated Streptavidin. Anterior is to the top. Dotted lines indicate midline.
life (Allen et al., 1998) . In the middle of the pupal stage (later than 28 hr APF), the PSI is dye coupled to the TTMn and to the GF (Phelan et al., 1996; Jacobs et al., 2000) . Based on the size and position of the cell body and the course of its primary neurite (see below), we propose that the X interneuron is the PSI. Thus, it is likely that all of the neurons in this escape circuit are born in the embryo but differentiate for their adult function during the metamorphic transition.
The PSI neurite must travel through the mesothoracic neuromere, cross the midline, enter the PDMN, and stop at a specific point within the PDMN. The PSI neurite becomes encircled by the MN1-MN5 axons with which it makes synaptic contacts (Egger et al., 1997) . PSI may use MN5 as a pathfinding guide to reach the appropriate locale in the contralateral PDMN. In support of this hypothesis, MN5 and X neurites follow the same trajectory within the CNS at 16 hr APF. The X neuron is transiently coupled to its contralateral counterpart and to both MN5s in the early phase of metamorphosis (wandering larva to 16 hr APF). In the wandering larva, the contact point between the X and MN5 neurites is close to their cell bodies. By 16 hr APF, the tip of the X neurite contacts the MN5 axon at a point close to the exit of the mesothoracic nerve. We hypothesize that, during the remaining time of pupal development, the X-MN5 contact point advances into the PDMN. Evidence in favor of this model comes from temperature-sensitive shibire (shi) mutants, in which a heat pulse at 12 hr APF results in developmental arrest of PSI neurite extension. The PSI neurite never reaches its normal position in the PDMN but can be found in the adult mutant flies within the CNS just before the exit of the nerve (Hummon and Costello, 1987) , which is where we find the X neuron axon in early pupae.
Time course of dendritic and axonal remodeling
Although both the dendrites and axon terminals of the flight motoneurons are modified during metamorphosis, the central and peripheral remodeling of MN1-MN5 in Drosophila are not synchronized (Fig. 8) . Motoneurons MN1-MN4, IDa, and IDp, undergo dendritic regression very rapidly during an ϳ2-hr interval in the early prepupa (2-4 hr APF), followed by a phase of stability (4 -19 hr APF). In the periphery, the prepupal DLM template muscles enter a phase of partial degeneration (6 -10 hr APF) (Fernandes et al., 1991) , and their associated MN1-MN4 motor branches begin to retract (Fernandes and Vijayraghavan, 1993) . Thus, dendritic regression (2-4 hr APF) precedes the retraction of the axon terminals of MN1-MN4 from the DLM template fibers (6 -10 hr APF) (Fig. 8) . Dendritic outgrowth begins simultaneously for MN1-MN4 and MN5 at 19-20 hr APF, whereas the reexpansion of their motor branches over the developing DLMs begins earlier, by 10 hr APF (Fernandes and Vijayraghavan, 1993) (Fig. 8) .
Regulation of dendritic growth
The primary dendrites of MN5 extend perpendicularly from specific regions of the neurite in anterior or posterior directions. As the primary branches grow in length, secondary branches begin to form from their tips and shafts. Lengthening of all primary branches, addition of high-order branches, and bending of some anterior and posterior branches across the midline toward the cell body shape the final pattern of the dendritic arbor of the MN5. Thus, the formation of MN5 dendritic tree occurs in discrete but often overlapping steps. The mechanisms controlling each of these processes may now be examined against this detailed description of normal growth.
Insect steroid hormones, the ecdysteroids, are major regulators of dendritic remodeling. Manipulations of the ecdysteroid titer demonstrate that both dendritic regression and regrowth of persistent Manduca motoneurons are under hormonal control (Weeks and Truman, 1985; Weeks, 1987; Truman and Reiss, 1988; Weeks and Ernst-Utzschneider, 1989; Weeks, 1990, 1996; Weeks et al., 1992; Streichert and Weeks, 1995) . Ecdysteroids act directly on neurons to regulate growth and branching in primary cell culture (Prugh et al., 1992; Levine and Weeks, 1996; Kraft et al., 1998) through regulation of the growth cone cytoskeleton (Matheson and Levine, 1999) . Among the genes directly induced by 20E (primary response genes) is a set of loci encoding transcription factors (Andres and Thummel, 1992) , at least one of which, Broad Complex (BRC), is required for metamorphic reorganization of the CNS (Restifo and White, 1991; Liu and Restifo, 1997) . One of the transcription factors encoded by BRC is essential for dendritic outgrowth of MN1-MN5 during pupal development (our unpublished observations).
In addition to steroid hormones, other extracellular signals (Tessier-Lavigne and Goodman, 1996; Scott and Luo, 2001 ), synaptic partners, spontaneous and synaptic activity (Cline, 2001) , and intrinsic genetic programs (Gao et al., 1999) regulate dendritic growth and guidance. A basic understanding of normal neural function and of how neurons respond to behavioral changes, injury, and disease requires knowledge of both the mechanisms that allow neurons to maintain stable dendritic structures and the signals and transduction pathways that lead to modifications. Linking intrinsic regulators with extrinsic signals and neural activity is a significant challenge (McAllister, 2000; Redmond and Ghosh, 2001) . One approach to this challenge is to develop model systems in which regulatory molecules can be manipulated and the consequences assessed by examining the dendritic morphology of identified neurons. MN5 offers a central neuron whose dendritic growth regulation can be analyzed at high resolution through mutation or directed alterations in gene expression.
